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ARTICLE INFO ABSTRACT

Keywords: The revival of CO, methanation (Sabatier reaction) as part of the large-scale Power-to-Gas technology has
CO, methanation stimulated the development of novel reactor concepts for better heat management due to its exothermic nature.
Hot-spot

The generation of hot-spots in fixed bed reactors could reduce methane yield, accelerate catalyst deactivation,
and potentially cause thermal runaway. However, hot-spots could be utilized to achieve outstanding CO2
methanation performance at low temperatures and high gas flow rate in monolithic reactors, whereas strategic
bed packing configurations could boost the performance of low-activity catalytic beds. We prepared NiFe cat-
alysts derived from in-situ grown layered double hydroxides via urea hydrolysis on washcoated cordierite
honeycomb substrate with varying activities. Temperature profiles by both experimental and computational fluid
dynamic (CFD) studies revealed hot-spot formation along catalytic beds. Hot-spots increased the catalytic beds’
temperature due to high thermal conductivity of cordierite monolith, thus accelerated the reaction. The
monolithic reactor with a single-monolith bed exhibited a methane yield of 16.5% at 250 °C, which was
significantly increased to 80.4% on the reactor with three-monolith bed of the same catalyst at similar reaction
condition with a constant ratio of catalyst mass to gas flow rate. A combined low-high activity monolithic bed
was proposed which demonstrated high methane yield and excellent stability. Interestingly, the methane yields
were higher at a gas flow rate of 1500 mL/min than that at 500 mL/min, again ascribed to the beneficial effect of
hot-spot formation on monolithic reactors. Therefore, strategic bed packing configuration plays an important
role in the optimization of monolithic methanation reactors, and hot-spot formation could be exploited to
achieve excellent CO, methanation performance at low temperatures.

Bed packing
Monolithic reactor
Low-temperature

1. Introduction

Discovered more than one hundred years ago by Nobel laureate Paul
Sabatier, CO5 methanation reaction which converts carbon monoxide
(CO) or carbon dioxide (CO,) and hydrogen (Hy) into methane (CHy) is
one of the most important chemical reactions for heterogeneous catal-
ysis research [1,2]. It has been used as an important purification step to
remove traces of CO and CO; from Hj-rich gases for ammonia produc-
tion, for example. Recently, renewed interest in methanation has been
driven by the energy transition towards renewable sources, e.g., solar
and wind power [3]. As renewable energies become an important part of
the transitional energy system, the inherent intermittency of wind and
solar power has appeared to be problematic since it affects the balance
between energy supply and demand. Power-to-Gas (PtG) technology has
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been proposed as a promising solution for large-scale energy storage of
renewable electricity, in which CO, methanation is an important process
[4,5]. The concept aims to use surplus renewable electricity to produce
hydrogen via water electrolysis. The green hydrogen is further reacted
with carbon dioxide to produce synthetic natural gas (SNG).

COZ + 4H2 « CH4 + 2H20, AH293K = -165.0 kJ/mol (1)

The Sabatier reaction (Equation. (1)) is thermodynamically favored
at low temperatures and high pressures. However, it is difficult to obtain
high conversion at low temperatures of 200-350 °C due to kinetic lim-
itations. Thus, supported catalysts such as noble metals (e.g., Ru, Rh) or
earth-abundant metals (e.g., Ni, Fe, Co) are applied in the process.
Because of affordable cost and good catalytic performance, Ni-based
catalysts are widely used in most industrial applications [6,7]. The
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Sabatier reaction is highly exothermic thus a large amount of heat could
be generated during large-scale PtG process. This would cause hot-spots
inside the reactor and potentially lead to thermal runaway. In addition,
the CO; conversion and CHjy selectivity will be reduced [8]. It has been
reported that a temperature spike of 227 °C was recorded in an annular
fixed-bed reactor filled with commercial Ni/AlyO3 trilobes catalysts
during CO, methanation at an operating temperature of 225 °C, pressure
of 0.4 MPa and gas hourly space velocity (GHSV) of 6000 h~! [9].
Although a high methane yield of 83% was obtained, hot-spot formation
appears to be the big challenge that should be tackled by proper reactor
heat management.

New reactor concepts are focusing on improving the heat manage-
ment of reactors in two-phase systems such as wall-cooled fixed bed,
fluidized bed, coated honeycombs, or three-phase systems such as
bubble column [10]. One of the most recent strategies to improve the
methanation performance is the introduction of monolithic honeycomb
catalysts. Structured reactors have the advantage of low pressure drop
due to the channeling nature. The tunable thickness of catalyst layer
which affects the diffusion length could be beneficial to optimize the
efficiency of the catalysts. Moreover, high volumetric flow rates of feed
gases can be handled by structured reactors with improved heat and
mass transfer, especially for better heat transfer since monolithic sub-
strates typically have good thermal conductivity [11]. There has also
been an increasing application of structured catalysts and reactors for
CO5 methanation. For instance, Fukuhara et al. reported that under
similar methanation conditions, honeycomb-type catalytic bed showed
a flat temperature profile while granular-type catalytic bed showed a
temperature rise of 20 °C due to poor heat dissipation of the conven-
tional fixed bed [12]. However, at a higher gas flow rate, hot-spot for-
mation was observed on the honeycomb monolithic bed. Great efforts to
further improve heat and mass transfer along the monolithic bed have
been devoted [13,14]. It was found that a less severe hot-spot formation
could be obtained while high CO5 conversion and CH4 selectivity were
maintained on a multi-stacked catalyst bed [15]. The researchers have
been innovative by designing the bed packing configuration containing
a sequence of coated and uncoated Ni/CeO aluminum honeycomb-fin
monolithic catalysts. Thus, the catalytic activity was discretely distrib-
uted along the reactor bed length which resulted in an optimal heat
transfer and reaction rate. Kosaka et al. has recently reported that an
increasing catalytic activity along the tubular catalyst bed could also
prevent hot-spot formation compared to the uniform catalytic bed
[16,17]. However, it was not anticipated that the performance of the
low-activity catalysts was boosted by the observed hot-spots. Appar-
ently, controlled hot-spot formation could be utilized for a more sus-
tainable catalytic process and has been deliberately employed in certain
reactor designs [18,19]. Therefore, it is important to fundamentally
understand the effect of catalytic activity along the catalytic bed on the
reactor temperature profiles.

We have recently developed a novel, highly reproducible and easily
scalable synthesis procedure to prepare NiFe catalysts derived from
layered double hydroxides (LDHs) precursors on cordierite (ceramic)
honeycomb substrate [20]. The bimetallic honeycomb catalysts have
shown excellent performance in CO2 methanation. In this study, the
preparation parameters were optimized to obtain honeycomb catalysts
with different activities. We studied the effect of metal concentrations
on catalyst loading and its performance in CO, methanation. The tem-
perature profiles of the structured reactor packed with monolithic cat-
alysts were investigated. Hot-spot formation was detected on the
catalytic bed during CO2 methanation at different operating tempera-
tures and gas flow rates. We then investigated the effect of bed packing
configurations on the formation of hot-spot and the overall CO,
methanation performance. A computational fluid dynamic (CFD) model
was developed to verify the experimental results. Long-term stability
tests were also carried out to evaluate the monolithic catalysts for in-
dustrial applications of PtG technology. To the best of our knowledge,
this is the first study to report CO5 methanation on ceramic honeycomb
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monolithic reactors with different bed packing configurations.

2. Experimental
2.1. Catalyst preparation

The preparation method has been adapted from our previous work
[20]. The honeycomb cordierite substrates (Applied Ceramics Inc., USA)
were cylindrical with an outer diameter of 19 mm and a length of 20
mm. It consists of 230 cells per square inch (cpsi) with a channel wall
thickness of 200 + 50 pm. Prior to the synthesis steps, the substrates
were washed with ethanol and distilled water and dried at 90 °C over-
night. In order to increase the surface area, the ceramic substrates were
dip-coated with alumina colloidal (Alfa Aesar, 20 wt% suspensions in
water, particle size of 50 nm) three times with subsequent drying to
obtain a washcoated layer with 14 wt% alumina. The washcoated sub-
strate was calcined at 600 °C for 6 h with a heating ramp of 2 °C/min.

For the formation of NiFe-CO3 LDHs, aqueous stock solutions con-
sisting of nickel (II) nitrate hexahydrate, iron (III) nitrate nonahydrate,
and urea (all from Merck Millipore) with total molar concentrations
from 0.05M to 2M were used. The molar ratio between urea and total
metal ion of Ni?* and Fe3" was 9.9 while the Fe**/Ni%* molar ratio was
kept constant at 0.25. The washcoated honeycomb was then immersed
in a 45-mL stock solution contained by a Teflon-lined hydrothermal
autoclave. Urea hydrolysis was carried out at 110 °C for 24 h. Subse-
quently, the obtained monolith was washed, dried, and calcined at
600 °C for 6 h with a ramp rate of 2 °C/min. The final monoliths are
denoted as COR-xM, where x is the total metal concentration during
preparation.

To characterize the as-prepared NiFe-CO3 LDHs precursors, the solid
precipitate in the autoclave after urea hydrolysis was collected, washed,
and dried. These LDHs powders are named LDH-xM, where x is also the
total metal concentration. The dry LDHs powders were calcined at
similar conditions as the monolithic catalysts.

2.2. Catalyst characterization

X-ray diffraction (XRD) diffractograms of the LDHs powder pre-
cursors were recorded using D8 Advance micro-diffractometer (Bruker)
equipped with CuKa radiation. The scanning speed was 1°/min over a 20
range from 5° to 70°.

Temperature programmed reduction (TPR) of the calcined pre-
cursors was carried out on Autochem II (Micromeritics) equipped with a
thermal conductivity detector (TCD). In a typical experiment, 35 mg of
the calcined sample was firstly degassed at 200 °C for 30 min. H, gas
flow (10 vol% Hy/Ar) was then introduced and the sample was heated
from 50 °C to 950 °C at a heating rate of 10 °C/min.

The adsorption-desorption isotherms of Ny at —196 °C was measured
using Tristar I 3020 (Micromeritics) instrument. The monolithic sample
was degassed at 150 °C overnight prior to the analysis. The surface area
was then calculated using the Brunauer-Emmet-Teller (BET) equation
[21] while the pore volume was estimated using the Barrett-Joyner-
Halenda (BJH) method [22].

The morphology and elemental mapping of the catalytic layers were
characterized with scanning electron microscopy (SEM), Gemini SUPRA
35VP (Carl Zeiss Jena) equipped with EDAX energy dispersive X-ray
spectroscopy (EDS). For better image analysis, the monolithic samples
were polished using very fine SiC abrasive grits. After cleaning with
ethanol and drying, the samples were then coated with Pd to inhibit
charging.

The inductive coupled plasma optical emission spectrometry (ICP-
OES) method was applied to analyze the elemental compositions of
dried LDHs precursors. The samples were dissolved in chloric acid and
nitric acid prior to analysis by Optima 4300 DV (PerkinElmer)
instrument.
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2.3. Catalytic activity tests and temperature profile studies

CO, methanation tests were performed in a stainless steel structured
reactor (inner diameter of 21.1 mm) heated by an electric tubular oven.
An in-house designed catalyst holder (inner diameter of 19.1 mm) was
used so that the monolith could be inserted inside the reactor without
any gas channeling or flow bypass effect.

The catalytic performance of individual monolithic catalyst was
carried out at a total gas flow of 500 mL/min (STP), corresponding to a
GHSV of 7760 h™ L. The ratio of Hy/N5/CO> in the gas mixture was 64/
20/16 vol% (i.e., Hy/CO2 = 4/1). Temperature-programmed reaction
was conducted from 200 to 500 °C at ambient pressure with a temper-
ature step of 50 °C. The temperature was controlled by a type-K ther-
mocouple installed inside the reactor at the gas inlet. Prior to the
reaction, the monolithic catalyst was in-situ reduced at 600 °C for 4 h in
flowing Hj gas (50 vol% Hy/Ng, 200 mL/min, STP).

For the study of temperature profiles along the catalytic bed, a multi-
point thermocouple (Watlow) was installed to measure temperatures at
6 different positions, as illustrated in Fig. 1. The catalytic bed contained
three monoliths with a total length of 60 mm. The monoliths were
drilled through at the center (hole diameter of 3 mm) so that the multi-
point thermocouple could be inserted. The temperature of the oven was
controlled by another thermocouple (Toven) located outside of the
reactor. The temperature of the gas inlet was also monitored by the
thermocouple at the gas inlet (Tgasin). The reaction temperature was
varied from 200 to 300 °C at ambient pressure with different gas flow
rates of up to 3000 mL/min (STP). The stability test was carried out at
Toven Of 250 °C at a gas flow rate of 1500 mL/min (STP) for 100 h.

At the reactor gas outlet, a cold trap was used to remove water
formed during reaction before the outgases were introduced into the
online gas chromatograph (GC 7890A, Agilent) for analysis. A blank test
of the pure honeycomb substrate was conducted, and no catalytic con-
version was observed. The CO; conversion (X¢o2), CHy4 yield (Ycp4), and
CH4 productivity (Pcp4) were defined in Egs. (2), (3), (4), where F" and
F%U are the molar flow rates in and out of the reactor (mol/h).

Fin _ Fout
Xcox (%) = % x 100 (2)
co2
YCH4( o) = Foin x 1 ( )
co2
FUMY
Peps | mol — _CH4 (©))
h.gear m,
*ocal cat

2.4. CFD model development

Numerical simulations were developed to verify the thermal profiles
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along the monolithic beds obtained from experimental studies. A dis-
cretized three-dimensional (3D) computational geometry of one-eighth
of a monolith with the same dimensions as lab-scale experiments was
built (Fig. 2), which consisted of channel blocks and porous walls.
Governing equations of the CFD models are reaction rate, continuity,
momentum, mass, and energy equations as described in detail in
Table S1 in the supporting information. All boundary conditions and
parameters are listed in Table S2 and S3. The equations were solved by
finite element based multiphysics simulation software COMSOL Multi-
physics® version 5.5.

The model presents channels in monolithic reactor with a pseudo-
homogeneous approach. The reaction rate and equilibrium equation
were adapted from Koschany et al. [23,24]. The fluid flow was assumed
as a fully developed laminar flow with weak compressibility, and the
average gas velocity was set at the inlet. The temperature-dependent
transport properties of the multicomponent gas mixtures (heat capac-
ity, thermal conductivity, and viscosity) were automatically calculated
by the software with a mass-fraction weighted rule. The gas diffusivity
was estimated using Fuller-Schettler-Giddings equations while the
effective binary diffusion coefficients in the porous walls were calcu-
lated with the Bruggeman correction model [25-27]. Atmospheric
pressure was applied, and the pressure drop was neglected. The energy
equation defines the reacting gas temperature in the channels and
conductive heat transfer in the wall structure. The gas mixture was set at
desired inlet temperature and heat generated from the reaction was the
main heat source, while the ambient temperature was set as the oven
temperature. Moreover, no-slip conditions were also applied together
with a symmetric boundary condition since the modeling domain was
reduced to one-eighth of the full reactor geometry.

y
5z

Fig. 2. Discretized one-eighth of the full monolithic reactor geometry; the
structured mesh has 13296 elements.
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Fig. 1. (a) Illustration of upgraded structured reactor setup for temperature profile studies. (b) The axial position of measuring points by the multi-point thermo-
couple with respect to the gas inlet position of three different bed packing configurations, i.e., Uni-High, Uni-Low, and Low-High.
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3. Results and discussion

3.1. Characterization of NiFe-CO3 LDHs prepared at different metal
concentrations

The influence of total metal concentrations during urea hydrolysis on
the synthesis of as-prepared precursors was revealed by XRD analysis.
The XRD diffractograms of dry precursors (Fig. 3) showed that highly
crystalline LDHs materials were formed by using metal concentrations of
up to 1M. Characteristic peaks of LDHs structures were observed for all
samples except for LDH-2M, e.g., symmetric and sharp reflections at 2 of
11.5°, 23.3°, and 34.5° could be ascribed to the basal (003), (006),
(01 2) planes, respectively (NiFe-CO3 LDHs, JCPDS 00-051-0463). LDH-
0.25M has the best crystallinity thus probably the most perfect LDH
structure. As for LDH-2M, the precursor was amorphous since no
diffraction peaks were observed. It has been reported that LDHs syn-
thesized at high metal concentrations had poorer crystallinity [28].
Moreover, to form a pure LDHs structure, the Fe3t/Ni** molar ratio
should be in the range of 0.2-0.33 [29-31]. However, at high Fe3*t
concentrations, it was more favorable for Fe3* ion to precipitate as
insoluble Fe(OH)s3 in aqueous ammonia [32]. Indeed, the elemental
analysis via ICP-OES showed that precursors prepared at metal con-
centrations above 1M had high Fe content compared with the nominal
value (Table S4 in the supporting information). Therefore, it can be
concluded that 0.25M was the most ideal metal concentration to prepare
NiFe-CO3 LDHs.

Upon calcination at 600 °C, it was expected that a mixed metal oxide
of Ni and Fe would form from LDHs precursors [20]. The diffractograms
of the calcined LDHs were presented in Fig. 4. It confirmed that LDHs
structures were completely decomposed since only the diffraction pat-
terns of NiFe2O4 (JCPDS 00-054-0964) and NiO (JCPDS 01-089-5881)
were identified. It can also be observed that the XRD pattern of the
calcined LDH-2M showed mostly reflections of NiFesO4 due to higher Fe
content compared to the other samples.

The reducibility of the calcined catalysts was investigated by Hy-TPR
analysis (Fig. 5). With increasing metal concentrations, the main
reduction temperature of the metal oxides was increased. It has been
reported that pure NiO could be reduced at 340-410 °C and Fe;0j3 is
reduced sequentially at 380, 620, and 715 °C [33,34]. In this study, the
TPR peaks of calcined LDH-0.05M, LDH-0.25M and LDH-0.5M were at
415, 430 and 485 °C, respectively. It is reasonable that the reduction
temperature of Ni species would be increased due to the interaction with
Fe species in the mixed oxides [35]. As for LDH-1M and LDH-2M sam-
ples, small reduction peaks were observed at 310-330 °C which could be

(003)
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(006)  (012) | DH-0.05M
R LDH-0.25M
12}
g : (015) (018)  (110)(113)
g_ it " A ‘ : ”
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Fig. 3. XRD diffractograms of NiFe-CO3 LDHs prepared by urea hydrolysis at
different metal concentrations.
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Fig. 4. XRD diffractograms of the calcined NiFe-CO3 LDHs.
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Fig. 5. TPR profiles of calcined NiFe-CO3 LDHs.

attributed to the reduction of NiO, while the main peaks were recorded
at high temperatures of 540-545 °C. It was in good agreement with the
previous assumption that these two samples contained more iron oxides.

3.2. Characterization of monolithic catalysts

The NiFe-CO3 LDHs layer was in-situ grown on the washcoated
honeycomb ceramic substrate via urea hydrolysis at different metal
concentrations from 0.05M to 2M. The amount of deposited LDHs layers
on the monoliths as well as catalyst loading are summarized in Table 1.
Noted that the catalyst loading was calculated as the percentage of the
catalyst mass after calcination on the total weight of final monoliths. It

Table 1
The mass of in-situ grown LDHs, corresponding catalyst loading and textural
properties of the final calcined monolithic catalysts.

Structured Mass of Catalyst BET specific BJH pore
catalysts LDHs loading (wt surface area (m?/ volume
(mg) %) Stotal COR) (cm®/g)
COR-0.05M 60.1 0.52 18.3 0.047
COR-0.25M 192.9 3.51 24.4 0.051
COR-0.5M 175.8 2.63 30.7 0.069
COR-1M 168.3 1.87 22.6 0.047
COR-2M 163.5 1.12 18.6 0.047
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was found that the highest amount of LDHs precursor could be deposited
on monolith prepared at metal concentration of 0.25M. It is also the
sample with the most crystalline LDHs structure. Thus, increasing metal
concentrations could not increase the amount of in-situ grown LDHs
precursors on washcoated substrate. As discussed in the XRD analysis,
the formation of pure and high crystalline LDH structure was not favored
at metal concentrations above 1M.

Cordierite honeycomb substrate is one of the most popular materials
for the synthesis of structured catalysts thanks to its availability and low
costs. However, cordierite substrate originally has a very low surface
area, which was 1.2 m?/g in our study. Thus, the substrate was wash-
coated with colloidal alumina three times to reach a washcoat layer
loading of 14 wt%. After calcination, the washcoated monolith had a
higher surface area of 18.3 m?/g and pore volume of 0.064 cm®/g. The
surface area and pore volume of final monoliths after urea hydrolysis are
summarized in Table 1. It shows that the surface area was significantly
improved after urea hydrolysis, especially for monolith prepared at
0.25M, 0.5M and 1M.

The morphology of catalytic layer deposited on cordierite monoliths
upon urea hydrolysis was observed by SEM. Numerous hexagonal
platelets of LDHs were found on the exterior wall of the monolithic
channels, in good agreement with earlier studies [36]. As shown in
Fig. 6, the lateral size and thickness of these platelets on COR-0.25M and
COR-1M were around 1 pm and 25 + 10 nm. The morphology of LDHs
precursors on COR-0.05M was almost three-time smaller in lateral size
(Fig. Sla), while the platelet dimensions of COR-0.25M, COR-0.5M and
COR-1M (Figs. 6 and S1b) was similar.

The thickness of the catalytic layer was estimated using the cross-
sectional SEM images of the channel wall. As shown in Fig. 7, the
deposition of LDHs occurred on the porous exterior of the cordierite
channel walls. The LDHs platelets were assumed to grow perpendicu-
larly on the surface, resulting in a layer thickness of around 20-30 pm.
Notably, the catalytic layer on COR-0.25M, COR-0.5M, and COR-1M had
similar thicknesses (Fig. 7 and Fig. S1d). As for COR-0.05M, it was un-
able to measure the LDHs layer due to very low catalyst loading
(Fig. S1lc). In addition, EDS elemental mapping was conducted and
revealed a uniform spatial distribution of Ni and Fe on the layer, indi-
cating that the metal ions were well dispersed on the monolithic surface.

3.3. Catalytic performance of monolithic catalysts

The temperature-programmed reaction was carried out at
200-500 °C for all monolithic catalysts. Due to kinetic limitations, high
conversion of CO; could not be obtained at low temperature region of
200-250 °C, even though CO; methanation is thermodynamically
favored. The conversion was much improved at 300 °C, especially for
COR-0.25M monolith which achieved a COy conversion of 70.1%
(Fig. 8). COR-0.5M and COR-1M also exhibited good activity at 300 °C
with CO5 conversion of 65.6% and 59.6%, respectively. The conversions
peaked at 350 °C and gradually decreased at elevated temperatures,
following the thermodynamic equilibrium. On the other hand, COR-
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0.05M showed a poorer performance, and COR-2M presented the
poorest activity.

In addition to the main reaction, the reverse water gas shift reaction
(RWGS, CO3 + Hy < CO + Hy0, AHoggg = 41 kJ/mol) could occur to
produce the byproduct CO. Hence, the CHy4 selectivity or CHy yield is
also an important indicator for the performance of the catalysts. In this
study, CH4 yield is reported together with the loading of catalysts
(Fig. 9). The best performance of COR-0.25M amongst others was
confirmed by the CHy4 yield at different reaction temperatures. This
could be due to the highest catalyst loading of COR-0.25M with a thin
and well-adhered layer on the honeycomb substrate. Interestingly, CO5
conversion over the COR-2M catalyst was always increasing with tem-
perature, distinct from the other catalysts as it did not follow the ther-
modynamic curve for methanation. This could be explained by the high
Fe content of COR-2M, which promotes the endothermic RWGS reaction
and favors CO; conversion at high temperatures [37]. Indeed, the CH4
selectivity was very low over the COR-2M monolith.

3.4. Temperature profiles of structured reactor

3.4.1. Temperature profiles with increasing oven temperatures

The exothermic nature of the methanation reaction could be influ-
enced by different catalytic activities of the monolithic catalysts. Thus,
the temperature along the catalytic bed containing high and low activity
catalysts (COR-0.25M and COR-0.05M, respectively) was measured by
the multi-point thermocouple at the center of the bed. At first, the re-
action was carried out on uniform catalytic beds containing three COR-
0.25M monoliths (Uni-High bed) or three COR-0.05M monoliths (Uni-
Low bed). Fig. 10 shows the temperature profile and the methane yield
of the catalytic beds at steady state when Tqyen was 200, 250 and 300 °C,
respectively.

At Toven = 200 °C and a total gas flow rate of 500 mL/min, the CH4
yield on both monolithic beds was relatively low at less than 3.5%
(Fig. 10a). As expected, no hot-spot formation was observed from the
axial temperature profiles. When the oven temperature ramped up to
250 °C (Fig. 10b), hot-spot appeared along the Uni-High bed with a
maximum temperature increase (AT) of 42 °C in the middle of the bed.
The catalytic performance also improved with a CHy4 yield of 50.9%. In
contrast, a CHy yield of only 8.9% was achieved on the Uni-Low bed, and
there was obviously no hot-spot formation at this low conversion. When
Toven Was increased from 250 to 300 °C, the hot-spot on Uni-High bed
shifted from the center axial position to near the gas inlet region with a
significant AT = 86 °C, whereas the CHy yield increased to 84.1%
(Fig. 10c). A CHy4 yield of 59.5% was achieved on the Uni-Low bed at
Toven = 300 °C, and hot-spot was also observed with AT = 44 °C. The
thermal profile of catalytic beds could result from the balance between
the exothermic heat from methanation which increased exponentially
with reaction temperature due to reaction rate acceleration, and heat
transfer by conduction in the cordierite channel wall and by convection
from the bed to the gas flow. The shift of hot-spot location at increasing
operating temperature has also been reported by Kosaka et al. [17]. It

Fig. 6. SEM images of in-situ grown NiFe-CO3; LDHs on (a) COR-0.25M and (b) COR-1M monolith.
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Fig. 7. SEM and corresponding EDS elemental mapping images of the cross-sectional channel wall on (a) COR-0.25M and (b) COR-1M.
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could be due to the higher heat conductivity of the catalytic cordierite
monolith bed compared to that of the flowing gas. Thus, heat transfer
along the monolithic bed was faster than that between the catalytic bed

and the gas. Subsequently, monolith at the near gas inlet was further
heated and accelerated methanation reactions. Simultaneously, a large
amount of exothermic reaction heat was released.

It was proposed that the excellent thermal conductivity of monolithic
substrate could be utilized to boost up the performance of low activity
catalysts in methanation [17]. We therefore configured a monolithic bed
with increasing catalytic activity, i.e., Low-High bed consisting of two
COR-0.05M and one COR-0.25M. Hot-spot was not observed at Toyen =
200 °C (Fig. 10a) but was measured with AT = 26 °C and a CH4 yield of
32.1% at Toyen = 250 °C. Notably, at Toyen = 300 °C, the CHy4 yield of the
Low-High bed was almost close to that of the Uni-High bed (83.1% vs
84.1%) while alower AT of 69 °C was recorded. Thus, although the Low-
High bed contained less catalyst loading than the Uni-High bed, the CH4
yield was almost similar at Toyen = 300 °C. As shown in Fig. 8, while
COR-0.25M slowly dropped its performance at 350 °C and above, the
CO5, conversion over COR-0.05M still increased and reached a maximum
at 400-450 °C. It seems that hot-spot generated in the reaction could be
exploited to improve the overall performance of the Low-High bed. In
terms of methane productivity when catalyst mass was taken into ac-
count, Pcyyg was 0.9 mol/(h.ge,r) on Uni-High and 1.6 mol/(h.gc,) on
Low-High bed. Hence, it can be assumed that the Low-High bed packing
strategy could enhance the catalytic efficiency of the monolithic reactor
with a lower hot-spot temperature.

3.4.2. CFD simulation results

The experimental results for all three catalytic beds were verified by
a 3D CFD consisted of reaction kinetics, fluid dynamics, heat transfer
and mass transport. The simulated temperature profiles at a gas inlet
temperature of 250 °C along three catalytic beds (Fig. 11) showed
similar patterns of hot-spot formation compared to the experimental
results at Toyen = 250 °C (Fig. 10b). The simulation demonstrated that
the highest temperature of 290 °C on Uni-High bed was at the middle of
the bed (Fig. 11a), while on Low-High bed the maximum temperature
Tmax of 258 °C was detected at the third monolith COR-0.25M near the
gas outlet (Fig. 11c). As expected, the temperature profile of the Uni-
Low bed was quite flat without any hot-spot formation (Fig. 11b).
Thus, the proposed bed packing strategy by combining catalysts with
low and high activity appeared to be a promising approach to manage
bed temperatures.

3.4.3. Temperature profiles with increasing gas flow rates

We further studied the effect of GHSV on the catalytic conversion and
temperature profile of Uni-High and Low-High beds at Tgyen = 250 °C
(Fig. 12). For comparison, the CH4 yield and temperature profile at 500
mL/min were also included as Fig. 12a. The hot-spot formation was
more pronounced at higher gas flow rate of 1500 mL/min (corre-
sponding to a GHSV of 7760 h™!). The Uni-High bed reached a Tpax of
458 °C with a remarkable CHy yield of 80.4% (Fig. 12b). It is worth
emphasizing that the ratio of the catalyst mass to volumetric gas flow
rate was the same for the single-bed at 500 mL/min and Uni-High bed at
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1500 mL/min, whereas the CHy yield was only 16.5% for the former
(Fig. 9). Obviously, the hot-spot generated on the Uni-High bed had
significantly boosted the overall CHy yield to 80.4%. Thus, while hot-
spot formation is a big concern for many chemical reactions [18], it
could also be utilized to boost the performance of exothermic monolithic
reactors. As for the Low-High bed, it showed a lower Tpax of 437 °C at a
gas flow rate of 1500 mL/min while the CHy yield was only marginally
lower at 77.6%, apparently due to the hot-spot formed on the reactor
bed. The strategic Low-High packing was again demonstrated to be a
promising alternative to the uniform Uni-High bed.

Lower CO2 conversion and CH4 yield are generally expected at
higher GHSV at the same reaction temperature. Interestingly, the cata-
lytic performance of both monolithic beds was significantly improved at
a higher gas rate of 1500 mL/min compared to 500 mL/min. This could
also be explained by the hot-spot observed in the reactor: the initial COy
conversion was probably lower at 1500 mL/min, but the amount of heat
released and the heat transfer coefficient would be larger at higher flow
rate, which increased the bed temperature thus further accelerated the
reaction. Consequently, the monolithic bed was operated at a much
higher temperature at 1500 mL/min than that at 500 mL/min, as shown
in Fig. 12a and Fig. 12b.

We also investigated the reactor performance at 3000 mL/min at
Toven = 250 °C. For Uni-High bed, a higher Tpax of 513 °C, corre-
sponding to a AT of 263 °C could be observed, whereas the CH, yield
decreased to 74.8%. Indeed, a larger amount of heat was released at
3000 mL/min which led to a higher temperature spike. However, at
450-500 °C, COR-0.25M exhibited a lower conversion of only 75-68%
(Fig. 8). As for the Low-High bed, the CH4 yield was merely 3.5%. The
residence time at this condition could be too short for the two low-
activity COR-0.05M catalytic beds, thus CO, was not reacted and no
heat was released to form hot-spot (Fig. 12¢). To sum up, at a very high
gas flow of 3000 mL/min, extreme hot-spot formation was not favorable
for the conversion on Uni-High bed while it was too harsh condition for
Low-High bed to produce methane.

3.4.4. Stability tests

Long-term stability test was carried out on both Uni-High and Low-
High beds at Toyen = 250 °C and a gas flow rate of 1500 mL/min
(STP). The Tpax on Low-High bed was maintained at 440 °C during the
100-h long-term test. On Uni-High bed, the high hot-spot temperature
was slightly decreased from 468 to 460 °C, which could be explained by
the loss of activity during 100 h. Regardless, it was consistent with
previous tests that Low-High bed had a lower hot-spot compared to that
of Uni-High bed (Fig. 13). This could also explain the lower but more
stable methane yield with a slight drop of 0.02%/h on the Low-High bed
compared to a deactivation rate of 0.05%/h on the Uni-High bed.
Nevertheless, both bed configurations have shown quite stable perfor-
mance throughout 100 h of reaction. Therefore, CO, methanation could
be effectively carried out on monolithic reactors at a very low operating
temperature of 250 °C.

4. Conclusions

NiFe catalytic active layer was in-situ grown on washcoated ceramic
substrate via urea hydrolysis, which is a novel preparation method to
obtain thin and well-adhered catalytic layer on monoliths. It was found
that catalysts prepared by 0.25M solution, i.e., COR-0.25M with the
highest metal loading exhibited the best CO5 conversion and CHy yield.
The formation of hot-spot during exothermic methanation reaction was
observed on monolithic reactors and further verified by CFD simula-
tions. Although a temperature increase of 86 °C was observed on Uni-
High bed reactor, a remarkable methane yield of 80.4% was achieved
at low operating temperature of 250 °C. In contrast, the methane yield
was merely 16.5% on single COR-0.25M bed at this temperature.
Therefore, controlled hot-spot formation was beneficial for the overall
catalytic performance via bed packing. A strategic bed packing config-
uration was proposed that combined low and high activity monolith, i.
e., Low-High bed. Amazingly, this bed achieved ~83% methane yield
and the hot-spot formation was less severe compared to that of the Uni-
High bed at 300 °C. It was also revealed that hot-spot formation could be
exploited to achieve high methane yield at high gas flow rate during
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low-temperature CO, methanation on honeycomb monolithic reactors.
In conclusion, hot-spot and strategic bed packing could be utilized to
achieve excellent CO5 methanation performance on monolithic reactors
at low temperatures. These results demonstrated a promising approach
for the development of industrial monolithic CO, methanation reactors
as part of large-scale PtG process.
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